Role of Fat1 in cell-cell contact formation of podocytes in puromycin aminonucleoside nephrosis and neonatal kidney  by Yaoita, Eishin et al.
Kidney International, Vol. 68 (2005), pp. 542–551
CELL BIOLOGY – IMMUNOLOGY – PATHOLOGY
Role of Fat1 in cell-cell contact formation of podocytes in
puromycin aminonucleoside nephrosis and neonatal kidney
EISHIN YAOITA, HIDETAKE KURIHARA, YUTAKA YOSHIDA, TSUTOMU INOUE, ASAKO MATSUKI,
TATSUO SAKAI, and TADASHI YAMAMOTO
Department of Structural Pathology, Institute of Nephrology, Niigata University Graduate School of Medical and Dental Sciences,
Niigata, Japan; Department of Anatomy, Juntendo University School of Medicine, Tokyo, Japan; and Department of Nephrology,
Saitama Medical School, Saitama, Japan
Role of Fat1 in cell-cell contact formation of podocytes in
puromycin aminonucleoside nephrosis and neonatal kidney.
Background. Fat1 is a member of the cadherin superfamily
characterized by its 34 cadherin repeats in the extracellular do-
main. Fat1 was originally found as a component of the slit dia-
phragm of podocytes, but its function in podocytes remains ob-
scure. To gain insight into its role in podocytes, we expanded our
study of Fat1 expression to puromycin aminonucleoside (PAN)
nephrosis, the neonatal kidney, and the primary podocyte
culture, where slit diaphragms are absent or disappear.
Methods. Expression of Fat1 was examined in isolated
glomeruli of PAN nephrosis by the ribonuclease protection as-
say and Western blot analysis and in the neonatal kidney by
in situ hybridization. Fat1 localization in glomeruli and in the
primary culture was confirmed by immunofluorescence or im-
munoelectron microscopy.
Results. In PAN nephrotic rats, glomerular expression of Fat1
increased rather than decreased at both transcript and protein
levels in comparison with normal rats. Immunofluorescence mi-
croscopy revealed distinct staining for Fat1 along the glomerular
capillary wall, where nephrin staining was weakened or disap-
peared. Immunoelectron microscopy demonstrated significant
accumulation of immunogold particles for Fat1 at intercellular
junctions newly formed between podocytes in the nephrosis. In
the primary culture of podocytes, Fat1 was mainly localized at
cell-cell contact sites and in tips of cellular processes. In the
neonatal kidney, immature podocytes expressed Fat1 more in-
tensely than mature podocytes as shown by in situ hybridization.
Double-labeled immunostaining using anti-pan cadherin anti-
body revealed that Fat1 in podocytes colocalized with cadherin
in immature glomeruli, indicating that junctional complexes of
developing podocytes contain Fat1.
Conclusion. These findings suggest that Fat1 may be a fun-
damental component of intercellular junctions of podocytes,
and may be involved in the initial step of cell contacts of
podocytes.
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Fat cadherins constitute a subclass of the cadherin su-
perfamily characterized by 34 cadherin repeats in the ex-
tracellular domain, followed by 2 to 6 endothelial growth
factor (EGF) repeats and 1 laminin G domain, with the
exception of Drosophila Fat, which has 2 G domains
[1–8]. To date, 3 mammalian Fat cadherins have been de-
scribed: human, rat, and mouse Fat1 [2–4], human Fat2
[5, 6], and rat Fat3 [7]. The knowledge about the function
of these molecules is very limited. Although Fat cadherin
was originally found as a tumor suppressor gene called fat
in Drosophila [1], the second Drosophila Fat cadherin,
fat-like, has been regarded as the true ortholog of verte-
brate Fat [8]. The phylogenetic analysis of their predicted
amino acid sequences has revealed that fat-like is more
closely related to mammalian Fat cadherins than fat. Si-
lencing of fat-like transcript in Drosophila results in the
collapse of tracheal epithelia, and the malformation or
missing of proventriculus, salivary glands, and hindgut,
suggesting that Fat-like is required for morphogenesis
and maintenance of tubular structure of ectodermal ori-
gin. Recently, the phenotypes of transgenic mice lacking
Fat1 have been reported [9]. These mice exhibit perina-
tal lethality accompanied with loss of slit diaphragms and
foot process retraction of podocytes [9]. Based on the
large size of extracellular domain of Fat1 in addition to
the above abnormalities in fat-like–deficient Drosophila
and Fat1 null mice, it has been suggested that Fat1 may
act as a spacer to keep epithelia apart in the formation of
tubular structure or to maintain an extracellular gap at
the junction [8, 9].
The slit diaphragm in the glomerulus is a unique in-
tercellular junction spanning wide intercellular spaces
(30–45 nm), which are the filtration slits between ad-
jacent foot processes of podocytes [10]. The molecular
components of slit diaphragms and their critical roles as
the glomerular filtration barrier have been elucidated
through the studies of congenital nephrotic syndrome
and knockout mice [11–13]. We previously hypothesized
that some components of slit diaphragms belong to the
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cadherin superfamily because most of intercellular junc-
tions with intervening intercellular spaces contain mem-
bers of the cadherin superfamily. Consequently, we found
that one of Fat cadherins is a component of slit dia-
phragms [14]. The Fat cadherin has been originally called
merely “FAT” or “Fat” [2, 3, 14], but we used the term
“Fat1” instead in this report to distinguish from the other
Fat cadherins, Fat2 and Fat3, which have been found
thereafter [5–7].
Intercellular junctions of podocytes display dynamic
changes under pathologic and developmental conditions.
Slit diaphragms are dislocated or disappear under the
nephrotic condition, while junctional complexes contain-
ing tight junctions and gap junctions are newly formed
between foot processes [15–20]. Immature podocytes are
interconnected by junctional complexes, including the
cadherin-catenin system, that are displaced by slit dia-
phragms in the differentiation of podocytes [21–25].
Some of components of slit diaphragms have been shown
to be up- or down-regulated during the dramatic changes
of podocytes [26]. In the present study, we have exam-
ined the Fat1 expression in puromycin aminonucleoside
(PAN) nephrosis, the neonatal kidney, and primary cul-
ture of podocytes to know its role in establishment and
maintenance of intercellular junctions in podocytes. Our
results show that Fat1 is located at sites of cell-cell contact
in podocytes. Furthermore, the signal for Fat1 is found at
the tips of cellular processes, which is close to the neigh-
boring cell in vitro. These suggest that Fat1 may play a
role in the process of junctional complex formation in
podocytes.
METHODS
Animals and antibodies
Female Wistar-Kyoto (WKY) and Wistar rats were
purchased from Charles River Japan (Atsugi, Japan),
and were used in these experiments at the ages of 8 to
12 weeks and 4 days. Rabbit anti-Fat1 antibody used in
this study was the same one that was used as anti-FAT
antibody in the previous study [14]. The antibody was
produced against an oligopeptide corresponding to near
the C-terminal 20 amino acids of rat Fat1 (YESGDDGH-
FEEVTIPPLDSQ). Rabbit anti-desmin was a product of
Bio-Science Products AG (Emmenbru¨ck, Switzerland).
BODIPY FL-labeled phallacidin was purchased from
Molecular Probes (Eugene, OR, USA). Mouse mono-
clonal antibodies included anti-nephrin antibody (mAb
5–1-6; courtesy of Dr. H. Kawachi, Niigata University,
Niigata, Japan) [27, 28], podoxalyxin (1A; generous gift of
Dr. M.G. Farquhar, University of California, San Diego,
CA, USA), and pan cadherin (clone CH-19; Sigma, St.
Louis, MO, USA). The pan cadherin antibody was pro-
duced by immunizing a synthetic peptide corresponding
to the C-terminal amino acids of chicken N-cadherin with
an extra N-terminal lysine residue (24 amino acids), and
reacting with multiple cadherin in a variety of tissues and
species [29].
Induction of PAN nephrosis
PAN nephrosis was induced by a single intravenous in-
jection of PAN (Sigma) at a dose of 5 mg/100g of body
weight in phosphate-buffered saline (PBS). Control ani-
mals received an identical volume of PBS. The rats were
housed in individual metabolic cages, and their 24-hour
urine specimens were collected before injection and 6 and
10 days after injection of PAN. Rats were sacrificed un-
der diethyl ether anesthesia 10 days after PAN injection,
and kidneys were removed and processed for immuno-
histochemical analysis, Western blotting, or ribonuclease
protection assay. Glomeruli isolated from 4 or 6 kidneys
were pooled and used as 1 sample of glomerular protein
or RNA. Procedures for the present study were approved
by the Animal Committee at Niigata University School
of Medicine, and all animals were treated according to
the guidelines for animal experimentation of Niigata
University.
Total RNA preparation
Glomeruli were isolated from the renal cortex frac-
tion by the conventional sieving method, as described
previously [30]. The isolated glomeruli, renal cortices,
or medullas were homogenized in TRIzol (Gibco BRL,
Grand Island, NY, USA), and total cellular RNA was
extracted from these samples essentially according to
manufacturer’s instructions.
Ribonuclease protection assay
Ribonuclease protection assay was performed as de-
scribed previously [19, 20]. Antisense cRNA probes for
mRNA of Fat1 and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) were 32P-labeled by in vitro trans-
cription using the plasmids inserted with each cDNA;
452 bp corresponding to bp 10,061 to 10,512 of rat Fat1
(AF100960), and 114 bp corresponding to bp 674 to 787 of
GAPDH (M17701) as a housekeeping gene. Total RNA
(10 lg each) from rat glomeruli, cortex, and medulla
were hybridized with the cRNA probes at 45◦C overnight.
Unhybridized probes were digested with ribonuclease A
(4 lg/mL) and ribonuclease T1 (120 U/mL) for 60 min-
utes at 30◦C, and then ribonucleases were digested with
proteinase K (0.5 lg/mL) at 37◦C for 30 minutes. Af-
ter phenol/chloroform extraction, the hybridized probes
were precipitated with ethanol and heat-denatured for
electrophoresis on 6% polyacrylamide gels. Detection
and analysis of bands were performed by phosphor imag-
ing techniques using Molecular Imager FX (Bio-Rad
Laboratories, Hercules, CA, USA). The results of
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ribonuclease protection assay are represented as the ratio
of Fat1 to GAPDH.
Western blotting
Glomeruli were homogenized in lysis buffer (8 mol/L
urea, 1 mmol/L dithiothreitol, 1 mmol/L EDTA,
50 mmol/L Tris-HCl, pH 8.0) on ice. The protein in
samples was quantified by Lowry’s method after pre-
cipitation by trichloroacetate with sodium deoxycholate
[31]. Western blotting was performed as described
previously [19, 20]. Briefly, the sample of 10 lg of pro-
tein each was loaded on 5% sodium dodecyl sulfate-
polyacrylamide gel (SDS-PAGE), and the bands were
transferred to polyvinylidine difluoride membrane. The
membranes were preincubated with 5% nonfat milk in
PBS containing 0.05% Tween 20 for 1 hour, incubated
with the anti-Fat1 antibody overnight, and washed in PBS
containing 0.05% Tween 20. Then they were incubated
with a 1:2000 diluted goat antirabbit immunogloblin-
conjugated peroxidase-labeled dextrane polymer (rabbit
EnVision; Dako, Carpinteria, CA, USA), and the im-
munoreactivity was visualized by an “ECL plus West-
ern blotting detection system” (Amersham Biosciences,
Buckinghamshire, UK). Densitometric analysis was per-
formed with NIH image software (version 1.62, NIH,
Bethesda, MD, USA).
Immunofluorescence microscopy
The indirect immunofluorescence technique was ap-
plied to frozen kidney sections and cultured cells as de-
scribed previously [14]. In brief, the rat adult and neonatal
kidneys were snap-frozen at −70◦C, sectioned at a thick-
ness of 3 lm in a cryostat, fixed in 2% paraformaldehyde
in PBS for 5 minutes, and processed for double-
label immunostaining. Cultured podocytes on 8-well
Lab-Tek glass chamber slides (Nalge Nunc International,
Naperville, IL, USA) were fixed in 2% paraformalde-
hyde in PBS for 10 minutes, permeabilized with 0.3%
Triton X-100 in PBS for 2 minutes, and stained with anti-
bodies. Rabbit anti-Fat1 antibody in combination with
anti-nephrin antibody (mAb 5–1-6), anti-pan cadherin
antibody, or BODIPY FL-labeled phallacidin, or rabbit
anti-desmin antibody in combination with mouse anti-
podocalyxin antibody (1A) was applied as primary anti-
bodies for double labeling. After washing with PBS, the
specimens were stained with FITC-conjugated antirabbit
IgG, rewashed with PBS, and subsequently reacted with
TRITC-conjugated antimouse IgG. PBS, normal rabbit
serum, or murine IgG1 monoclonal antibody (against
rotavirus), shown not to react with rat glomeruli, were
used as negative controls for the primary antibodies. Im-
munofluorescence of the specimens was observed with a
laser scanning confocal microscope (MRC-1024; Bio-Rad
Laboratories).
Immunoelectron microscopy
Immunoelectron microscopic observations of kidneys
from PAN-treated rats were carried out as reported
previously [14]. Briefly, rat kidneys were perfused with
0.5% paraformaldehyde fixative buffered with 0.1 mol/L
sodium phosphate buffer, pH 7.4. Ultrathin cryosections
were cut with the Ultracut UCT microtome equipped
with the FC-4E cryoattachment (Leica, Wien, Austria).
Sections were labeled with anti-Fat1 antibody
(12 lg/mL), followed by incubation with antirabbit
IgG coupled to 10-nm gold (diluted 1:100; British Bio-
Cell, Cardiff, UK). The labeled sections were postfixed
with 2.5% glutaraldehyde in PB, contrasted with 2%
uranyl acetate, and then absorption stained with 3%
polyvinyl alcohol containing 0.2% uranyl acetate.
Primary culture of podocytes
Glomeruli were isolated from rat kidneys by the
method as described previously [32]. Decapsulated
glomeruli were selected under an inverted tissue culture
microscope with phase-contrast optics, and were cultured
on type I collagen coated culture dishes in Dulbecco’s
modified Eagle’s medium (DMEM) nutrient mixture
F-12 HAM (Sigma), supplemented with ITS liquid me-
dia supplement (Sigma), 5% fetal bovine serum, peni-
cillin (100 U/mL), and streptomycin (100 lg/mL). Cell
outgrowths from decapsulated glomeruli were used as
cultured podocytes.
In situ hybridization
In situ hybridization was essentially carried out by
using Ribomap kit and Discovery automatic stain-
ing module (Ventana Medical Systems, Tucson, AZ,
USA), essentially according to manufacturer’s instruc-
tions. Briefly, rat kidneys were fixed in 4% paraformalde-
hyde in PBS for 3 days at 4◦C. Serial 6-lm kidney
sections were automatically deparaffinized, fixed, and
acid treated. Then, the tissue sections were sub-
jected to cell conditioning and protease digestion.
Digoxigenin-labeled antisense and sense cRNA probes
were synthesized by in vitro transcription using the
linearized templates (452 bp corresponding to bp
10,061–10,512 of rat Fat1). Hybridization was per-
formed with antisense or sense probe (30 ng/side) at
60◦C for 6 hours in Ribohybe hybridization solution
(Ventana Medical Systems). Hybrids were detected with
alkaline phosphatase–conjugated antidigoxigenin anti-
body (Roche Diagnostics, Penzberg, Germany). Signal
detection was performed with nitro blue tetra-
zolium chloride 5-bromo-4-cloro-3-indolyl phosphate
4-toluidinium salt as a chromogenic substrate at room
temperature for 3 hours in the dark.
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Table 1. Numbers of rats and samples used in this study, and urinary protein excretion
Urinary protein excretion
mg/day
Control PAN-treated Ribonuclease Western blot
rats rats protection assay analysis Control PAN day 6 PAN day 10
WKY 14 15 6 6 1.8 ± 0.6 132.8 ± 61.1 212.8 ± 71.4
Wistar 14 16 6 6 2.7 ± 0.9 116.2 ± 75.4 320.9 ± 147.1
Statistics
All data were presented as mean ± SD. Statistical
assessment of the significance between control animals
and PAN-treated animals was made by Student t test.
Differences were considered statistically significant at
P < 0.05.
RESULTS
Expression of Fat1 in glomeruli in PAN nephrosis
In the previous study, we found that Fat1 mRNA ex-
pression level in glomeruli was significantly different
depending on strains of rats; expression level of Fat1
mRNA in Wistar rats was 2-fold higher than that in
WKY rats [14]. We, therefore, compared changes of
Fat1 mRNA expression in the course of development
of PAN nephrosis in the 2 rat strains. Fat2 and Fat3 ex-
pression in glomeruli was also examined by using reverse
transcription-polymerase chain reaction (RT-PCR), but
no significant signals were detected (data not shown).
Measurement of 24-hour urinary protein levels re-
vealed that a single intravenous injection of PAN induced
massive proteinuria at day 6 and day 10 after the injection
(Table 1).
The levels of Fat1 transcripts in the PAN nephrotic
glomeruli of both rat strains increased rather than de-
creased. However, the data were not statistically signif-
icant in comparison to the normal control glomeruli, as
the signal intensity ratios of Fat1 to GAPDH in the WKY
rats increased with 33% (0.52 ± 0.10 vs. 0.39 ± 0.09 in the
control animals, P = 0.075), and with 31% in the Wis-
tar rats (0.84 ± 0.17 vs. 0.64 ± 0.12 in the controls, P =
0.079). Such increase of the signal in PAN nephrosis was
not observed in mRNAs of cortices or medullas (Fig. 1A
and B).
Western blot analysis was performed to quantify the
levels of Fat1 protein in glomeruli (Fig. 1C). In parallel
with the transcript levels, the PAN nephrotic glomeruli
contained more Fat1 protein than the normal glomeruli.
The differences were not remarkable, but nevertheless
significant as the signal intensity of Fat1 in the WKY rats
increased with 30% (3606 ± 367 vs. 2770 ± 524 in the
control animals, P = 0.026), and 20% in the Wistar rats
(4928 ± 561 vs. 4107 ± 490 in the control, P = 0.039).
Immunolocalization of Fat1 in the glomerulus
Fat1 distribution in the glomerulus was examined by
double-labeled immunofluorescence microscopy using
rabbit anti-Fat1 antibody in combination with murine
monoclonal anti-nephrin antibody (mAb 5–1-6). In the
normal WKY glomerulus, diffuse faint Fat1 staining out-
lined glomerular capillary walls. Signals for nephrin colo-
calized with the Fat1 staining (Fig. 2A, A, A′). Every
glomerulus appeared to show the same staining inten-
sity. In the nephrotic kidney, Fat1 staining along cap-
illary walls was more intense and discontinuous, which
was conspicuous in the capillary regions without nephrin
signal. The decrease in nephrin staining was observed in
most glomeruli. The staining intensity of Fat1 and nephrin
showed variation from glomerulus to glomerulus. The
typical immunofluorescence micrographs are shown in
Figure 2B (B, B′). The same changes of Fat1 staining in
PAN nephrosis were observed in Wistar rats, although
the difference of staining intensity between nephrotic
and normal glomeruli was less prominent than WKY rats
(Fig. 2C and D′).
The precise localization of Fat1 molecules in the
glomerular capillary wall was examined by immunoelec-
tron microscopy. Foot processes of podocytes are re-
tarded and flattened in PAN nephrosis. In parallel, slits
normally located between foot processes disappear, while
intercellular junctions with close cell-cell contact are
newly formed in podocytes [15–17]. Significant accumu-
lation of immunogold particles for Fat1 was frequently
found in the close intercellular junctions of podocytes
(Fig. 3A to C). The intercellular junctions of podocytes
with similar characteristics as depicted above were also
encountered in the normal kidney in agreement with pre-
vious reports [10, 19, 20]. Immunogold particles for Fat1
in the normal kidney were also detected at the close cell
contact sites in addition to slit diaphragms (Fig. 3D).
Localization of Fat1 in cultured podocytes
We previously succeeded in establishing primary cul-
ture of podocytes by using glomeruli isolated without
mechanical force while sieving [32]. The outgrowing
podocytes showed distinct staining for podocalyxin and
podocyte injury markers, such as desmin and connexin43
[19, 32, 33]. Neither anti-pan cadherin antibody nor mAb
5–1-6 labeled cell-cell contact sites of the cultured cells
[32]. These features are identical to those of podocytes un-
der pathologic conditions [19, 20, 34–37]. Thus, we have
assumed that podocytes in the primary culture exhibit the
phenotype of a pathologically activated cell in vivo.
The origin and identity of the cultured podocytes grow-
ing out from isolated glomeruli were confirmed by their
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Fig. 1. Expression of Fat1 mRNA (A, B) and protein (C) in the normal
rat kidney and PAN nephrosis at day 10. (A) A representative result
of ribonuclease protection assay of Fat1. Significant signals for Fat1
mRNA are detected in total RNA samples (10 lg each) from isolated
glomeruli from normal kidneys (1, 7) and from PAN nephrosis (2, 8),
cortices from normal kidneys (3, 9), and from PAN nephrosis (4, 10) and
medullas from normal kidneys (5, 11) and from PAN nephrosis (6, 12)
by ribonuclease protection assay. Lanes from 1 to 6 are from WKY
rats. Lanes from 7 to 12 are from Wistar rats. (B) Fat1 transcript levels
in (A) are quantified by molecular imager, and shown as the ratio of
the signal intensity for Fat1 to that for GAPDH. (C) A representative
immunoblotting of Fat1 in glomeruli before (1, 3) and 10 days after
PAN injection (2, 4). Ten lg of total protein from isolated glomeruli
was separated by 5% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, transferred to polyvinylidene difluoride membrane, and
blotted with anti-Fat1 antibody. A large arrow indicates Fat1 signals.
expression of podocalyxin and desmin (Fig. 4A, A′)
[32, 33]. Fat1 staining was examined by double-labeled
immunofluorescence microscopy in combination with
phallacidin, one of phallotoxins that bind only to F-actin.
Consistent with the in vivo findings, Fat1 was predom-
inantly localized at cell-cell contact sites (Fig. 4B). An-
other distinct Fat1 staining was observed at the tips of
cell processes that are frequently extended to neighbor-
ing cells in culture [30] (Fig. 4C and D). Fat1 staining was
relatively diffuse in the free end of the processes (Fig. 4C).
When the processes touched at other cells and form an in-
tercellular junction, Fat1 staining was confined to cell-cell
interfaces (Fig. 4E). Although Fat1 always coincided with
F-actin, staining intensity for F-actin was intense in the
free end of processes and weak in intercellular junctions
(Fig. 4B′ to E′).
Fat1 expression in the neonatal kidney
The kidneys of newborn rats are not fully developed
but display a developmental gradient with immature
glomeruli located toward the renal capsule and more
mature glomeruli toward the corticomedullary junction
[21–24]. In situ hybridization revealed a decrease of
Fat1 expression during glomerular development (Fig. 5A
and B). High levels of signals for Fat1 were detected in
glomeruli at S-shaped body and early capillary loop stages
near the surface of kidneys. The signals declined substan-
tially during the capillary loop stage.
Fat1 localization in immature podocytes was compared
with that of cadherin by double-labeled immunofluores-
cence microscopy (Fig. 5C to E′). In the S-shaped body
stage to the capillary loop stage, junctional complexes of
presumptive podocytes migrate along the lateral cell sur-
faces from the apex to the base [38]. Double-labeled im-
munofluorescence microscopy showed that Fat1 always
colocalized with cadherin at the intercellular junctions of
the apex (Fig. 5C to C′), the intermediate (Fig. 5D to D′),
and the base (Fig. 5E to E′) along the lateral surface dur-
ing the migration.
DISCUSSION
Our present study demonstrated that Fat1 was local-
ized at intercellular junctions in addition to the slit dia-
phragm. Podocytes exhibit at least 3 different types of
intercellular junctional complexes: slit diaphragms in the
normal adult, the junctional complexes in the early stage
of the development, which consist of the classic cadherin-
catenin system and tight junctions [21–25, 39], and those
under nephrotic conditions, which contain tight junctions
and gap junctions but not the cadherin-catenin system
[15–20, 25, 40]. The present immunolocalization study
showed that Fat1 was localized not only at slit diaphragms
but also at the other 2 junctional complexes. The find-
ings indicate that Fat1 is a fundamental component
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Fig. 2. Confocal double-labeled immunoflu-
orescence microscopy of frozen sections of
rat kidneys incubated with antibodies against
Fat1 (A-D) and nephrin (mAb 5-1-6) (A′-D′).
Rabbit anti-Fat1 antiserum was detected with
FITC-conjugated goat antirabbit IgG; mouse
monoclonal anti-nephrin (mAb 5-1-6) was
detected with TRITC-conjugated goat anti-
mouse IgG. (A and A′) WKY normal kid-
ney. (C and C′) Wistar normal kidney. (D and
D′) Wistar PAN nephrotic kidney. In normal
glomeruli, Fat1 is localized evenly along the
capillary walls, and coincides with mAb 5-1-6
except Fat1 in endothelial cells and parietal
epithelial cells of Bowman’s capsule (A-A′,
C-C′). In contrast, distinct Fat1 staining is ob-
served discontinuously along the glomerular
capillary wall in PAN nephrosis, while mAb
5-1-6 staining decreased (B-B′, D-D′). Bar:
50lm.
of podocyte intercellular junctions. Another component
shared by all 3 junctional complexes is ZO-1, a cytoplas-
mic scaffold protein with 3 copies of the PDZ domain
[18, 39]. Although a putative PDZ-domain binding se-
quence has been found at the C-terminal end of Fat1 [2,
3], it remains to be determined whether Fat1 interacts
with ZO-1.
Fat1 is widely expressed in many fetal tissues, especially
in proliferating epithelial layers and ventricular zones in
the brain, whereas Fat1 signals are down-regulated or dis-
appear in most adult tissues [2–4]. Exceptional expression
in the adult brain is observed in the subependymal and
dentate gyrus, where cell proliferation continuously oc-
curs throughout life [3]. Conspicuous signals for FAT1
are detected in a hyperplastic polyp in gut and epithe-
lial components of carcinoma [2]. During the develop-
ment, cell proliferation and carcinogenesis, intercellular
junctions, and their associated cytoskeletons undergo dy-
namic changes in response to the tremendous degree of
intercellular remodeling. High levels of Fat1 expression
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Fig. 3. Immunogold localization of Fat1 in
podocytes of Wistar rats. (A-C) In PAN
nephrosis of Wistar rats, significant accumula-
tion of immunogold particles for Fat1 (arrows)
is frequently observed at newly formed cell-
cell contact sites. (D) In normal glomeruli,
gold particles (arrows) are also seen at the site
of close cell contact sites of podocytes in ad-
dition to slit diaphragms. ∗Glomerular base-
ment membrane. Bars: 100 nm.
Fig. 4. Double-labeled immunofluorescence
microscopy of cultured podocytes incubated
with antibodies against podocalyxin (A) and
desmin (A′) or with anti-Fat1 antibody (B-
E) and phallacidin (B′-E′). Cells growing out
from decapsulated glomeruli (G) are used as
cultured podocytes, which are identified by
double-positive staining for podocalyxin and
desmin. Fat1 staining is detected at cell-cell
contact sites and on cytoplasmic processes,
which coincides with F-actin (arrows). Bar:80
lm in A′, 50 lm in B′-E′.
are likely to coincide with the active phase of intercel-
lular remodeling. Down-regulation of Fat1 expression in
the adult tissues may be related to intercellular junctions
under relatively static conditions after completion of dif-
ferentiation or cessation of proliferation. Podocytes are
no exception to this rule. Fat1 expression in podocytes
is down-regulated during glomerular differentiation, as
shown by in situ hybridization in this study and the
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Fig. 5. Localization of Fat1 mRNA (A and
B) and protein (C-E′) in the neonatal kid-
ney of WKY rats. (A, B) In situ hybridiza-
tion with Fat1 probes (A, antisense, B, sense)
shows higher levels of Fat1 mRNA in imma-
ture glomeruli (arrows) near the kidney sur-
face and low levels in deeper glomeruli near
the medulla (arrowhead). ∗Kidney surface.
(C-E′) Confocal double-labeled immunoflu-
orescence microscopy of glomeruli in the S-
shaped body stage (C-D′) and in the early
capillary loop stage (E and E′) by using anti-
Fat1 antibody (C-E) and anti-pan-cadherin
antibody (C′-E′). Fat1 staining in immature
podocytes always coincides with that of cad-
herin (arrows). Bars: 50 lm.
previous studies [2, 3]. However, it should be emphasized
that the podocyte exhibits a prominent characteristics in
terms of sustained expression of Fat1 after its terminal
differentiation. In PAN nephrosis, podocytes respond to
injury and exhibit drastic intercellular remodeling, such
as retraction of foot processes, loss of slit diaphragms,
and distinct increase of tight junctions and gap junctions
[15–20]. The persisting or rather increasing expression
of Fat1 in PAN nephrosis may reflect dynamic permu-
tation of protein complexes at cell-cell junctions during
adaptation to the nephrotic condition or recovery from
injury.
It has been proposed that Fat1 functions as a spacer,
maintaining a wide intercellular space in slit diaphragms
based on the large size of extracellular domain of Fat1 and
closely apposed podocytes with loss of slit diaphragms in
Fat1 null mice [9, 14]. In podocyte differentiation, how-
ever, expression level of Fat1 is inversely related to the
emersion of slit diaphragms [2, 3]. This finding, taken
together with the persistent expression of Fat1 under
the nephrotic condition, suggests that Fat1 have func-
tion(s) other than acting as a geometric spacer between
2 adjacent cells. We previously established the primary
culture of podocytes, which retains several podocyte char-
acteristics [32]. Podocytes in the culture frequently extend
long cytoplasmic processes resembling primary processes
in vivo. Tips of the processes occasionally form cell con-
tacts with neighboring cells. The immunofluorescence
microscopy in this study showed that Fat1 protein was
concentrated not only at the cell-cell contact sites but
also at the free end of the processes. The Fat1 distribu-
tion on the processes was relatively diffuse, and became
limited to cell-cell contact sites in the formation of in-
tercellular junctions. Fat1 always colocalized with actin
filaments in cultured podocytes. Intense immunofluores-
cence for actin filaments coincided with Fat1 staining in
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the tips of the processes, whereas its intensity was weak-
ened at mature cell-cell contacts. These findings suggest
that Fat1 may be involved with the initial step of intercel-
lular junctional formation.
Important roles of Fat1 in actin dynamics have been
clarified recently [41, 42]. Fat1 directly interacts with
Ena/vasodilator-stimulated phosphoproteins that regu-
late the geometry of the actin cytoskeleton, thereby influ-
encing cell morphology and motility. In addition, Tanoue
and Takeichi have clearly shown that Fat1 is required for
tight cell association, and involved in regulation of early
cell contacts [41]. Actin filament rearrangement is cru-
cial for podocyte differentiation [43] and response to in-
jury [44]. Although it remains obscure in podocytes how
the actin dynamics is associated with intercellular junc-
tional formation, it is fascinating to speculate that Fat1
may regulate intercellular remodeling leading to actin
filament-dependent morphologic changes of podocytes,
such as foot process formation or retraction under
developmental and pathologic conditions.
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